The infections found in chronic obstructive pulmonary disease, cystic fibrosis, and bronchiectasis share a number of clinical similarities, the most striking of which is the bacterial persistence despite the use of antibiotics. These infections have been clinically described using culture-based methods usually performed on sputum samples, and treatment has been directed toward the bacteria found in this manner. Unfortunately, the clinical response to antibiotics is frequently not predictable on the basis of these cultures, and the role of these cultured organisms in disease progression has been debated. The past 20 years have seen a revolution in the techniques used to describe bacterial populations and their growth patterns. These techniques have revealed that persistent lung infections are vastly more complicated than described by traditional, and still widely relied upon, sputum cultures. A better understanding of the initiation and the evolution of these infections, and better clinical tools to describe them, will alter the way patients are cared for drastically. Although clinical tests to describe these infections more accurately are not yet available, the better appreciation of these infections afforded by current science should enlighten practitioners as to the care of their patients with these diseases.
PERSISTENT LUNG INFECTIONS
Bacterial lung infections are usually categorized as acute or chronic depending on the rate at which they evolve, but more likely related to the rate at which they resolve after antibiotic therapy. Acute infections such as community-acquired pneumonia typically respond rapidly to antibiotics and usually leave little residual mark on the lung. Infections involving the conducting airways are more variable in their onset and resolution. Whereas viruses and Bordetella pertussis may initiate an acute "bronchitis" in healthy individuals, a vast number of patients with disruptions in lung immunity or mucosal clearance suffer from infections that typically do not resolve even with antibiotic treatment. Unlike other forms of chronic infection, the immunologic response to bacterial infections of the airways does not appear to evolve to a classic, adaptive response, but rather maintains an unrelenting neutrophilic response, similar to those in acute infections. 1 It is for this reason that chronic lung infections may be better classified as persistent infections, as most bacteria involved in these infections have survived treatment that would normally be predicted to eradicate them, and may continue to persist lifelong in some patients. Most acute lung infections uphold Koch's postulates very well, and sputum cultures and staining techniques, when appropriately collected and culture positive, are usually helpful in determining which antibiotics to use. In time, we have learned that patients with pneumonia will usually respond to empiric use of a handful of antibiotics and that sputum cultures are not necessary for their treatment, and may delay appropriate treatment if relied upon. This approach is applicable to chronic obstructive pulmonary disease (COPD) where routine culturing is not recommended 2 ; however, in other persistent lung infections such as cystic fibrosis (CF) and non-CF bronchiectasis, sputum cultures are considered as a cornerstone of quality patient care. 3 All of the persistent lung infections are characterized by periods of stability punctuated by periods of exacerbation. Exacerbations are loosely defined as a change in daily symptoms such as cough, dyspnea, sputum production, and fatigue; however, defining these events for purposes of clinical study has been daunting. 4, 5 Exacerbations of persistent lung infections are commonplace and have been shown to result in significant morbidity and loss of lung function if not treated. The microbiological contributions to an exacerbation have traditionally been determined by culture results, and antibiotic selection is based on these cultures. However, there are a number of clinical situations that challenge the utility of this approach. Most clinicians who care for individuals with persistent airway infections will encounter many instances where a patient's course is not predicted by sputum cultures. Many patients will not show a clinical response to antibiotics directed at the organism cultured in their sputum. In contrast, many patients may respond to antibiotics not predicted to work; classically, this is seen in patients whose sputum cultures reveal bacteria resistant to most, if not all, antibiotics tested in sensitivity panels. Some patients will culture the same organism repeatedly despite appropriate antibiotic therapy. In cases of antibiotic ineffectiveness, it was presumed that antibiotics could not reach every niche of the lung, leaving some bacteria untreated. 6 This reasoning helped spawn the use of aerosolized antibiotics that could attack organisms at the air-liquid interface in the mucosal lining. Despite these approaches, bacterial persistence, ineffectiveness of antibiotics, and unpredictable clinical responses have continued to frustrate practitioners. 7 Chronic Obstructive Pulmonary Disease COPD is an inflammatory, nonreversible obstructive lung disorder caused primarily by exposure to tobacco smoke. Typical symptoms include dyspnea, wheezing, cough, and sputum production. COPD exacerbations are commonplace and patients who suffer frequent exacerbations experience a poorer quality of life, an accelerated loss of lung function, high health care utilization and costs, and higher morbidity and mortality. [8] [9] [10] [11] [12] Studies relying on sputum culture predict that 50% of the COPD exacerbations are due to bacterial lung infection and 25% to 50% are due to viral infections. 13 Acquisition of a new strain of Haemophilus influenzae, Moraxella catarrhalis, or Streptococcus pneumoniae in the lung is associated with an increased risk of exacerbation. 14 These pathogenic bacteria often colonize the lungs of COPD patients between exacerbations and typically reoccur on future sputum cultures, which is often referred to as colonization. 13 Traditionally, clinicians understood that COPD exacerbations occurred as a result of lung infection with a new strain of bacteria (typically Haemophilus, Moraxella, or S. pneumoniae) or a virus. In this disease model, the new pathogen led to a lung infection and pulmonary inflammation, the latter of which resulted in cough, sputum production, dyspnea, and wheezing. Treatment with an antibiotic or oral corticosteroid was administered to eradicate the new organism and/or blunt the inflammatory response to decrease lung symptoms. When the patient responds to this therapy, it is presumed to be due to the specific actions of the antibiotics, namely clearance of the new bacteria and the resultant prompt return to the baseline lung microbiota that could be cultured during periods of clinical stability. This model explains the disease course in those patients who respond to therapy; however, this effect may be limited to only the sickest hospitalized patients. Although antibiotics may improve symptoms in those admitted to the hospital, they do not improve the overall mortality or the length of stay for most of these patients. 2 For these reasons, it is not recommended to perform sputum cultures on patients with mild COPD exacerbation before beginning therapy with antibiotics. The widespread use of antibiotics, as they are currently selected, for all but the most severe COPD exacerbations remains debatable.
Cystic Fibrosis
Of the lung conditions with persistently positive bacterial cultures, infections of the CF lung have arguably been the best described in the medical literature, despite it being far less common than COPD or non-CF bronchiectasis. CF is a genetic disease that results in bronchiectasis from the inability to clear dehydrated mucous from the airways. 15 This mucous becomes too thick for the mucociliary elevator to move, trapping most inhaled particles and infecting organisms in the airways. CF is a multisystem disease, and children with CF who survive the gastrointestinal manifestations were noted to succumb to bacterial infections of their lungs. The sputum culture technique revealed the presence of H. influenzae and Staphylococcus aureus, and these were presumed to be the source of the lung morbidity in children with CF. 16 Treating these 2 organisms with antibiotics prolonged their lives, but did not eradicate these infections, which frequently demonstrated persistent culture positivity through their lives. With more aggressive antibiotic approaches, patients were noted to have an unusual but easily cultured organism in their sputum-Pseudomonas aeruginosa. Early studies demonstrated that children with CF who acquired P. aeruginosa had lower survival rates than children whose cultures remained free of it. 17 Screening the sputum, the throat, or the bronchoalveolar lavage fluid for these organisms became the standard of care on the presumption that early identification could result in early intervention to prevent the establishment of pathogens known to be associated with worse outcomes. These presumptions were tested in the Early Pseudomonal Infection Control Trial in which children with CF were treated on the first acquisition of P. aeruginosa. 18 This trial demonstrated that cultures could be made clear of P. aeruginosa, but follow-up studies did not demonstrate fewer hospitalizations than historical controls 19 or improved lung functions 20 in those with successful eradication from culture. Furthermore, some patients in the treated groups clearly acquired more resistant strains of P. aeruginosa and started culturing more resistant organisms, such as Stenotrophomonas maltophilia, than those not treated. 18 The Cystic Fibrosis Foundation has created consensus guidelines that still recommend all of the centers in its care network to culture all patients with CF every 3 months if possible and begin inhaled tobramycin upon acquisition of P. aeruginosa in the sputum culture. 3 
Noncystic Fibrosis Bronchiectasis
Non-CF bronchiectasis is far more common than CF and has multiple etiologies. The most common etiology is idiopathic, with the rest ranging from infectious to immune deficiency, microaspiration, autoimmune, and genetic. 21 Although the underlying disease and the areas of the lung differ, the underlying pathology remains the same: their inability to clear secretions adequately. Much the same as other highlighted diseases with persistent lung infections, the hallmark of non-CF bronchiectasis is characterized by progressively worsening infections and exposure to the resulting inflammatory response leading to further respiratory function decline. Traditional culture methods revealed H. influenzae and P. aeruginosa as the most common pathogens found in the sputum of non-CF bronchiectasis patients.
The treatment of non-CF bronchiectasis is based on the underlying cause; however, the treatment of the infectious complications is very similar. In the pediatric population, the treatment of the underlying cause is important, as it was previously believed that the most common etiology of bronchiectasis was postinfectious, but it is now demonstrated to be immune deficiency and aspiration. 21 Beyond this, the mainstay of treatment has been airway clearance, bronchodilators, and antibiotics. The antibiotic regimens used are targeted at cultured organisms, and are usually based on previous sputum cultures from the patient and the most common organisms cultured in the community. As the treatment of non-CF bronchiectasis lacks any conventional guidelines given the heterogeneity of its clinical presentation, most physicians rely on experiences with CF and COPD to dictate management.
SPUTUM CULTURE: HISTORY AND CURRENT USE
Sputum production is a hallmark of lung infection and is the least invasive way to sample the secretions of the lower airways for medical studies. Generations of medical scientists have studied the physical, the biochemical, and the cellular components of sputum hoping to better understand the lung pathology. Translations of Hippocrates reveal his deduction that expectorated sputum that sank in sea water was associated with a poor prognosis. 22 In likely the first microscopic study of sputum, Van Leeuwenhoeck described "odd corpuscles and globules" in his own fasting "spittle." Two hundred years later, Koch used microscopy to describe bacilli from lung tubercles, but was flummoxed by his inability to grow these organisms using his solid media preparations. 23 With persistence, he developed a coagulated blood agar that could grow what is now known as Mycobacterium tuberculosis after 2 weeks of incubation.
Expectorated sputum readily grows microorganisms on nonselective medias; however, care has to be taken to distinguish organisms that have been incidentally introduced during expectoration, such as oral bacteria, and those actually inhabiting the lower airways. This is achieved through a series of tests to distinguish samples that are truly sputum against saliva, and through the use of subjective selection of organisms "likely to cause" lower respiratory tract infections. 24 Decades of medical research on lung infections using classic microbiological techniques, guided by Koch's postulates, have determined that particular species of bacteria are attributable to particular lung infections. Their pathogenic mechanisms have been elucidated to reveal how the disease is created, how this relates to the symptoms, and testing with antibiotics have shown how to treat these diseases. The ability to culture a pathogen, select an antibiotic that can kill that pathogen, and cure a patient with that antibiotic is a very satisfying outcome for both the patient and the physician and has validated culture techniques as a gold standard in the medical literature.
Today's sputum cultures are performed using protocols derived during the 1970s and the 1980s with some slight adaptations to account for newly recognized pathogens. 25 After a quality check to validate the sample as sputum and not saliva, the sample is diluted in a sterile saline solution to make it transferrable by pipet and is plated to a number of selected medias to grow the known pathogens. There are separate protocols recommended by the CF Foundation for the isolation of particular pathogens associated with CF, and these may also be useful in non-CF bronchiectasis. 3, 26 If there are different morphotypes of colonies after speciation, they are considered for separate minimal inhibitory concentration (MIC) tests as presumably any of these could be the cause of the infection. In reality, this becomes very difficult as some species, such as P. aeruginosa, can take on many different morphotypes ( Fig. 1) , and frequently >1 isolate is found in each sputum sample. Each isolate is then tested to establish its MIC of several antibiotics.
The tests for MIC occur in vitro in rich media and are shown to be the most reliable in infections in which rapid growth conditions are thought to occur, such as the blood stream. MICs are less useful in infections with prolonged courses or in those with multiple, culturable organisms, such as bronchiectasis in the lung. 27 The reasons for this lack of clinical utility are likely founded in both the highly subjective nature of the sputum culture and MIC determination, and newer evidence concerning the biology of these infections, which is described below. 28 
THE NEW PARADIGM IN PERSISTENT AIRWAY INFECTIONS

Diverse, Polymicrobial Infections
With the introduction of molecular microbiology (the study of microbes through genetic techniques), it became possible to detect known pathogens with greater speed and sensitivity and with lower costs. In a study by van Belkum et al, 29 the sputum from patients with CF was analyzed for the presence of "smallsubunit" ribosomal DNA, now referred to as 16S rDNA. All bacteria contain this gene and its sequence can be used to identify bacteria. PCR primers to amplify this gene were used, followed by a hybridization with probes specific for "known" airway pathogens such as P. aeruginosa and S. aureus. The authors discovered that many samples contained 16S rDNA sequences that did not hybridize with pathogen-specific probes, indicating that many more species may be present in the sputum. In 2003, Rogers et al 30 performed sequencing on the 16S rDNA extracted from sputum and bronchoalveolar lavage samples and demonstrated a large number of species representing vastly different genera including Bacillus, Bacteroides, Stenotrophomonas, and Abiotrophia. This technique could not provide quantitative data, but it demonstrated that the sputum and the BAL fluid contained far more species than are typically shown on selective culture. The "microbiota" of the airways began to take shape with succeeding papers that demonstrated similar results with differing molecular techniques. 31, 32 Furthermore, looking at the clones present within a single species, such as P. aeruginosa, demonstrates that patients may carry dozens of clonal types with varying degrees of relatedness. 33 Penterman et al 34 demonstrated that many of the P. aeruginosa found in this manner are not capable of growing under standard culture techniques.
Some of the observations from these initial studies received criticism. Many of the species found were shown to exist in the "normal" oral flora, and were likely in the sputum samples only during the process of expectoration through the mouth. Another observation was the presence of a large number of anaerobic bacteria in what was considered as a strictly aerobic environment of the lung. It was also suggested that although there is DNA from these species, they may not be alive or have active metabolisms capable of causing a disease phenotype. In addition, genetic techniques are unable to determine whether the identified bacteria had formed a biofilm in the airways as biofilm formation affords a persistence phenotype that includes tolerance to antibiotics and avoidance of neutrophil killing (discussed below).
The notion of sputum contamination by oral flora has been addressed in a number of studies that use "clean" BAL methods to extract samples from deep within the lung without the chance of contamination by the oral flora. 35 These studies demonstrate that some species are not found in the BAL, which are otherwise found in the normal flora, but many of the "nontraditional" organisms and anaerobic organisms were persistently found. Recent studies were performed on explanted lungs from lung transplants, which not only demonstrated the diversity among species, but also the regional diversity. Brown et al 36 demonstrated that samples from each lobe contained distinct populations, with some drastically different from the others. Erb-Downward et al 37 also demonstrated microanatomic differences in the community composition and the diversity even within the same explanted lobe.
The question of anaerobic niches within the lung can be readily demonstrated by measuring the oxygen tension in the fresh sputum at varying depths. 38 Bacterial consumption of oxygen can exceed oxygen diffusion, and this can create microaerophilic environments that support the growth of organisms that would otherwise perish in an oxygenated environment. P. aeruginosa was long assumed to be a strict aerobe, although it is now clear that it can grow anaerobically. 39 It is noteworthy in this instance because antibiotics can be drastically less effective against the same organism when grown anaerobically. 40 These discoveries also suggest that the complicated interplay between bacterial communities, as seen in the gut and in the environment, are also at play in the lung.
The current technique for sputum culture is very selective as described above. Broadening that technique without the knowledge of what could possibly grow is not straightforward as many species require highly specialized nutrients, or isolation from other bacteria that could prevent their growth. To show that the diversity of the airway microbiome represented living organisms, Sibley et al 41 used the molecular data to design a culturing technique to grow most of the known organisms from sputum. This technique relied heavily on anaerobic techniques and over 50 different types of media to describe the microbiome accurately using the culture technique. Studies using RNA profiles and metabolomics have further demonstrated that anaerobes and other difficult-to-culture organisms participate in metabolic processes and contribute much to the chemical milieu in the lung. 42 Studies of the lung microbiota have led to the realization that healthy lungs are not sterile either; rather, they also harbor a polymicrobial microbiota. Erb-Downward et al 37 showed that the lung microbiota of healthy nonsmokers consisted principally of Pseudomonas, Streptococcus, Prevotella, and Fusobacterium. Charlson et al 43 demonstrated that the lung microbiota of healthy smokers and nonsmokers consisted principally of Veillonella, Prevotella, and Streptococcus. Hilty et al 44 similarly showed that healthy individuals' lung microbiota consisted principally of Prevotella, Streptococcus, and Veillonella. Many of the lung bacteria are anaerobic (Prevotella, Veillonella, Fusobacterium) and are known to inhabit the oral cavity, suggesting that aspiration may influence the lung microbiota. The roles of these normal lung bacteria in the disease pathogenesis or prevention is an area with many research opportunities.
Origins of Infection
A universally accepted method to prevent infections in humans is to avoid exposure to known niches containing pathogens. The sources of the classically cultured organisms from persistent lung infections have typically been linked to either the environment or other patients. There has been a clear demonstration of harm with the transmission of some pathogens such as Burkholder cepacia between CF patients, but many patients develop these unusual infections without contact with other individuals with lung disease. Many of the organisms encountered in the persistently infected lung are considered as "environmental isolates"; however, very few of the clinical isolates genetically resemble the environmental isolates typically found outside of the patient's home. Furthermore, patients with genetic causes of persistent lung infections frequently develop evidence of inflammation or lung injury before the classic pathogens are cultured.
With the development of the molecular methods described above, a number of groundbreaking discoveries have been made to better understand the origin of these infections, which may help us to make better treatment decisions for our patients. As described above, these molecular methods are better at detecting multiple species, including known pathogens. It is thus not surprising that pathogens can be detected by molecular means well before they are detected by cultures in many cases. It is becoming clear that the microbial communities of the upper and likely the lower respiratory tracts are not initiated by these classic pathogens, but by microbes considered a component of the "normal flora" that are not typically reported on sputum cultures. 45 Although the human lower respiratory tract is now not considered sterile, it is clearly not normally in a state of inflammation. The role of the "normal flora" in disease development of abnormal lungs is starting to be revealed. In a study of human neonates with CF, the gut and the upper respiratory microbiomes were tracked and found to both increase in numbers and diversity over time. 46 While it is understood that colonization of the gut microflora is a normal process, the same process occurs in the upper, and presumably lower, respiratory tract. In fact, many of the same species initially occupy both niches, and are influenced by diet and other environmentally modifiable features. To study the lower respiratory tract better, the use of the CF pig model has been instrumental in obtaining samples that cannot be obtained from human infants safely, as sputum production may not occur for years in patients with genetic diseases. Stoltz et al 47 analyzed the bronchoalveolar lavage fluid from piglets with defective CFTR and determined that this animal model did indeed develop early lung disease with inflammation and evidence of early bronchiectasis formation, but that bacterial infection likely precedes this as there was no evidence of this inflammation immediately after birth. The bacterial species present in both CF and non-CF pigs were diverse and dynamic over time; however, the CF pigs carried larger amounts of bacteria and never cleared them unlike their non-CF counterparts. These data suggest that the very early colonization with "normal" flora from the upper respiratory tract and the GI tract is normal in infants, but it may be that a failure to establish a normal homeostasis leads to increased inflammation and injury, potentially priming the lungs for more infections from species typically associated with lung disease.
The pathogenesis of COPD, unlike that of CF and non-CF bronchiectasis, is currently not thought to be due to lung infection. COPD develops in smokers after significant tobacco exposure; however, only approximately 20% of the tobacco users develop COPD and the severity of the disease does not correspond to the intensity of tobacco exposure. In addition, some patients have a rapid decline in lung function, whereas others have a more indolent course. Failure of immune regulation in the lung, enhanced dendritic cell function, genetic predisposition, and autoimmunity have all been suggested as potential mechanisms of COPD pathogenesis. 48 Another potential mechanism is inflammation triggered by lung microbiota dysbiosis (defined as disruption of the microbiota, potentially due to repeated lung infections, antibiotic courses, corticosteroids, and aspiration). Although there is currently no conclusive evidence that dysbiosis is responsible for the development of COPD, it is well known that COPD exacerbations often result from lung infections. 14, 49, 50 We are only just beginning to understand the complex relationship between the lung microbiota and lung inflammation during exacerbations as compared with the "steady state" that exists between COPD exacerbations.
THE LOWER AIRWAYS AS AN ECOSYSTEM
The complex nature of the lower airways with multiple species interacting has been described as an ecosystem. 51, 52 Ecologic systems thrive on diversity. 53 Diversity stabilizes ecosystems in times of stress as stressors can take on a multitude of forms. The loss of diversity can wreak havoc on this stability and lead to loss of structure and entire populations. In the human gastrointestinal system, we have learned that the loss of bacterial diversity and density with the use of antibiotics can lead to the overgrowth of Clostridium difficile, which can be a lethal infection. 54 As patients with persistent lung infections are frequently monitored for disease progression, they typically generate numerous sputum and blood samples over years or decades, which can be analyzed for changes with correlations made to their disease state. As molecular microbial analyses can be performed on frozen samples with minimal preservation techniques (unlike culture methods), scientists have been able to track how patients' microbiomes change over the years retrospectively. Zhao et al 55 analyzed 126 sputum samples generated by 6 CF patients over 8 to 9 years of clinic visits. They were able to determine the abundance of individual species and the diversity of species in each sample and learned that patients with more "diverse" microbiomes that could maintain that diversity had little change in their baseline lung function over time.
Patients with a loss of diversity over those years had significant reductions in lung function. Antibiotic use was heavily correlated with the loss of diversity, but it is not clear whether this was the cause of the loss or the response to changing symptoms. Zemanick et al 56 also determined that patients with worse lung function had less diverse microbiota dominated by P. aeruginosa (Fig. 2) . These findings have been corroborated in a number of follow-up studies performed in varying techniques with different CF patient populations. 31, 55, 57 Unlike CF, the relationship between COPD severity and lung microbiota diversity has not been established firmly. However, it appears that COPD patients harbor a more diverse microbiota than healthy controls. Lung microbiota diversity appears to be maintained in mild, moderate, and severe COPD, but this association may be primarily driven by age or medication use. 37, 44, 58 Diversity appears to be decreased in very severe COPD. 59 Diversity appears to be low in COPD-affected lungs at the time of explantation for lung transplantation, although it is not clear to what degree this reflects COPD severity against antibiotic and corticosteroid use in end-stage lung disease. 37, 60 
Exacerbations and the Effect of Treatment With Antibiotics
If the lower airways can be thought of as an ecosystem, one may conclude that a disruption in this ecosystem occurs during periods of exacerbation. A number of research groups have studied the microbiota changes that occur around exacerbations. 61, 62 The use of antibiotics is associated with mortality benefits when treating severe exacerbations in both CF and COPD; however, their use would seemingly disrupt a healthy diversity in the lower lung fields. This question has been addressed by Price et al 63 who tracked CF patients during the treatment of an exacerbation and monitored the relative amounts of individual species and the change in diversity over the course of a single exacerbation. They determined that antibiotics do not substantially change the amount of bacteria or the diversity in the sputum and that diversity does not decrease at the height of an exacerbation. Furthermore, this population contained mostly Pseudomonas-dominated microbiomes, and this population did not show expansion at the beginning of an exacerbation or a reduction after treatment. This study, and similar studies, 64 suggest that the clinical efficacy of antibiotics may not be due to the targeted clearance of what has been considered as the classic pathogens of the lower respiratory tract. However, previous studies have clearly demonstrated that antibiotics reduce the number of "culturable" pathogens from the sputum, which suggests that molecular techniques are identifying a much larger percentage of nonculturable bacteria or are unable to distinguish alive from dead bacteria. Together, these data suggest that species such as Pseudomonas are not always the cause of exacerbations, or that the effect of antibiotics is not in altering the absolute amounts of these species.
Our current understanding of the COPD lung microbiota and its role in COPD exacerbations is nicely summarized in 2 recent reviews. 65, 66 Barker and colleagues used quantitative PCR to compare sputum H. influenzae, M. catarrhalis, and S. pneumoniae bacterial loads before and during COPD exacerbations. Of the 3 organisms studied, only M. catarrhalis demonstrated a correlation with the lung inflammatory changes (as assessed by the levels of sputum IL1b, IL10, and TNFa) observed during exacerbations. 67 Huang and colleagues studied the lung microbiota of 12 individuals before, during, and after a COPD exacerbation. They found that members of the Proteobacteria phylum (including nontypical COPD pathogens) were increased during exacerbations. Changes in the microbiota after exacerbation treatment differed significantly depending on the regimen prescribed (antibiotics alone, oral corticosteroids alone, or both). Treatment with antibiotics alone decreased the abundance of Proteobacteria, with prolonged suppression observed in some cases. In contrast, treatment with corticosteroids alone led to the enrichment for Proteobacteria. Patients treated with both showed an increase in the abundance of Proteobacteria. This suggests that the recovery of the lung microbiota is strongly affected by the therapy or therapies chosen to treat the exacerbation. 49 Millares et al 68 analyzed the lung microbiota of 16 stage III or stage IV COPD patients FIGURE 2. Diversity of the microbiota is correlated with lung function. In this study by Zemanick et al, 56 the bacterial diversity was determined in patients undergoing an exacerbation. The Shannon Diversity score is a measure of the richness and the evenness of populations. Patients with lower FEV 1 % predicted scores typically contain less diversity. The size of the circle represents the relative abundance of Pseudomonas aeruginosa, and before and during exacerbations. Five of the patients were chronically colonized with P. aeruginosa. During exacerbation, the differences between P. aeruginosa-colonized and P. aeruginosa-noncolonized patients disappeared. Multiple bacteria, including Streptococcus, Pseudomonas, Moraxella, Haemophilus, Neisseria, Achromobacter, and Corynebacterium, increased in abundance during exacerbations. Of particular interest is the fact that simultaneously obtained sputum cultures did not identify the genera increased in abundance in one third of the exacerbations. These results suggest that exacerbations in P. aeruginosa-colonized patients are mainly related to other organisms and that traditional sputum cultures are an insensitive technique for monitoring bacterial changes during exacerbations. 68 Molyneaux et al 50 recently evaluated alterations in the bacterial lung microbiota as a result of viral respiratory infection. The investigators experimentally infected 14 individuals with stage II COPD and 17 healthy controls with rhinovirus. All individuals exhibited symptomatic infection, but none required treatment with antibiotics or steroids. By day 15 after the infection, the COPD individuals' lung microbiota contained more bacteria overall and significantly more Proteobacteria (specifically H. influenzae) than the control individuals' microbiota. This change persisted at day 42 after the infection. 50 In non-CF bronchiectasis, it has also been shown repeatedly that the more diverse the lung microbiota, the better the overall lung function. 69, 70 The FEV 1 is maintained in patient populations that have no bacteria on chronic sputum results and those who maintained a more diverse "core" population. 71 Although several species are identified in the "core" sample, Pseudomonas is responsible for the majority of the patients who have frequent exacerbations and lower-thanpredicted lung function tests. 69 Furthermore, Rogers et al 70 were able to show that taxons dominated by Pseudomonas, and to a lesser extent Haemophilus, as identified by the 16S rRNA were associated with a decreased FEV 1 and more frequent exacerbations. What is more important is that as the richness of these taxons was decreased, Pseudomonas and Haemophilus were more likely to be present. They then demonstrated that Pseudomonas was associated with a decreased FEV 1 and a greater number of exacerbations per 12-month period than any other taxon. Interestingly, Haemophilus was associated with fewer exacerbations. Furthermore, the use of Azithromycin daily (BAT trial) in bronchiectasis demonstrated a decrease in infectious exacerbations and has led to the widespread use of this antibiotic for long-term treatment. 72 Upon evaluation of the BLESS data, there was a significant change in the microbiota of taxons that were not dominated by Pseudomonas. 73 This would suggest that the chronic use of antibiotics may change the microbiota significantly such that the diversity is decreased and a dominant taxon is selected. At this time, there has been no investigation of the overall microbiota changes in the intermittent use of antibiotics in non-CF bronchiectasis.
Taken together, these studies suggest that exacerbations of persistent lung infections may also be polymicrobial, involving the outgrowth of several bacteria or viruses rather than the introduction of a novel pathogen. Sputum cultures are unable to detect important shifts in the lung microbiota that occur during exacerbations and after treatment. In addition, the therapy chosen (antibiotics, steroids, or both) may have profoundly different effects on the lung microbiota. Furthermore, these treatment effects may persist long after these therapies are discontinued. These results suggest that lung microbiota dysbiosis-a microbial imbalance in the lung microbiome-may be responsible for COPD exacerbations. Furthermore, administration of antibiotics and corticosteroids may also disrupt the lung microbiota in an unintended and unanticipated manner.
PERSISTENCE AFFORDED BY GROWTH AS A BIOFILM
The field of microbiology is undergoing a paradigm shift in that the majority of the discoveries and characterizations performed before the 21st century were performed on bacteria grown "planktonically." 74 Planktonic growth is a mode of growth characterized as free-living bacteria, typically in a nutrient-rich environment that affords rapid growth of the colonies. All bacteria cultured in clinical microbiology labs are studied in planktonic forms of growth. With the advent of molecular techniques, vast populations of unculturable organisms have been identified. Many of these populations were considered easily studied by the standard culture technique, but have taken on a new form of growth, clustered tightly to a surface or in tight-knit "microcolonies." 75 It is estimated that over 99% of the bacterial biomass on the planet actually exists in this "biofilm" form of growth rather than as free-living planktonic growth. There are a number of drastic physiological differences between planktonic-grown and biofilm-grown bacteria, and many of these differences help explain the clinical features of persistent lung infections. 34, 76, 77 Bacteria growing as a biofilm are classically defined as growing in a tightly packed cluster, attached to a surface, and encased in an exopolysaccharide matrix produced by the bacteria. Bacteria living within a biofilm are more resilient than planktonic bacteria with respect to chemical, environmental, and antimicrobial insults. Without acquiring any new genetic traits, bacteria within a biofilm may "tolerate" antibiotic concentrations well above their MIC values when grown planktonically. 76, 78 The mechanism of tolerance depends on the type of antimicrobial used, but the simplest explanation that applies to persistent lung infections is that densely packed bacteria can overcome the effects of antibiotics through sacrifice of the outer layer of the colony. In persistent lung infections, bacterial densities may reach 10 9 cfu/mL of the sputum. 79 This characteristic helps explain how bacteria with no classic "resistance" patterns to antibiotics on MIC testing, can survive the multiweek courses of antibiotics used to treat persistent lung infections.
Human infections that take the form of biofilms include all infections of foreign devices such as catheters, endotracheal tubes, wires, and prosthetic implants. 80 A recent European clinical guideline suggests the evaluation for biofilm formation on all explanted foreign devices. 81 If the infection results in symptoms or risk of spread, classically, the only way to remove the infection is to remove the device, as it is well established that antimicrobials cannot sterilize the device even if the device is in a location readily accessed by the administered antibiotics. In persistent lung infections, biofilms have been observed growing within the sputum and within the airways, but not attached to a surface. 82 Tightly knit colonies are interspersed within the sputum or airway secretions, frequently surrounded by dead or dying neutrophils, unable to penetrate within the structure. Unlike other biofilm infections, removal of the attached device is not an option, but this understanding helps support the roles of mucolytics and pulmonary secretion clearance. The use of mucolytics is considered as the standard of care in CF, wherein the use of DNAse has been demonstrated to improve clinical outcomes, reduce the bacterial burden in the sputum, and disrupt bacteria growing as biofilms in the laboratory. 83 Evidence of biofilms is seen in CF, COPD, and non-CF bronchiectasis. 75, 82 The classic pathogens of these infections, Pseudomonas, Staphylococcus, Haemophilus, Moraxella, have all been demonstrated to form biofilms in the laboratory. There have been a number of studies to support the notion of polymicrobial biofilms, and a number of interactions between coinfecting species have been identified. 84 It is not yet understood as to how the biofilms of some species interact with others within the lung or how they are organized spatially. Presumably, species with specific nutrient requirements or the ability to tolerate particular insults would be enriched within certain niches within the milieu. Anaerobic species would likely be found deeper within the mucous layer or in more hypoxic regions of the lung, whereas organisms resistant to oxidant attacks from neutrophils may risk a more superficial layer at the benefit of more nutrients. It has been demonstrated that some populations of bacteria support the growth of others through the generation of unique metabolites, and conversely, that some bacteria specifically inhibit the presence of others through nutrient competition and direct bactericidal effects. 84 All of these survival strategies have been described in other instances of polymicrobial communities and we suspect that these models will help us understand persistent lung infections better.
TREATMENT IMPLICATIONS
As one model to describe these infections is replaced with newer, more biologically correct models (Fig. 3) , one may wonder as to how the treatment strategies we have developed, which typically improve patients, actually achieve this effect. Furthermore, do these new models offer insight into better treatment strategies? One presumed benefit of culturing an infection would be the theoretically benefit of "paring down" an antibiotic strategy to be more selective of the organism causing the infection in an effort to prevent resistance to broad-spectrum antibiotics. This is not typically possible for highly resistant organisms such as P. aeruginosa, but may readily apply to S. aureus as methicillin resistance requires very different treatment strategies. Conclusions drawn from the studies listed above demonstrate that culturing polymicrobial infections is painstaking work, highly subjective, and may not identify causative organisms, but rather those that simply "out-compete" their neighbors on the medias chosen by the microbiology laboratory. Furthermore, the result of treatment may not be the suppression of the organism seen in the culture, but rather the suppression of a large number of organisms that are typically not seen in the culture. There is clearly a clinical benefit to the use of antibiotics in treating severe exacerbations of persistent lung disease, but the use of antibiotics in mild exacerbations, or in response to newly acquired pathogens without associated symptoms, may have significant unrecognized effects on the stability of the lower-airway ecosystem.
Some practices that apply to acute infections should likely be disbanded in the treatment of persistent lung infections as described below:
Culture data should not be relied on to determine when a particular organism is acquired, but one might conclude that if found on culture, it might be in more abundance, and possibly more clinically relevant. Treatment of a newly cultured organism may be indicated when associated with symptoms or decline in lung function. Culture data should not be relied on to determine whether a species is "eradicated," as it is safer to presume that the species is "suppressed." This is an important distinction, because the belief of eradication may skew the choices of empiric antibiotics in future exacerbations in which targeting these suppressed species may be useful in a patient not responding to culture-based therapeutic strategies. MICs should not be heavily relied upon in choosing antibiotics for persistent lung infections as they do not predict the response. MIC data may have prognostic implications as to how likely the first antibiotic choice will work, and may also serve as a biomarker as to how often the patient has received antibiotics. Changing antibiotic prescriptions on the basis of new culture information in a patient responding to current therapies may have multiple unintended consequences including resistance from partially treated infections and loss of effectiveness if the cultured organism is not responsible for the current symptom set.
Tolerance to antibiotics is more likely in persistent lung infections, and strategies to overcome these barriers such as the use of higher doses and continuous infusion of blactams may be clinically appropriate in patients not responding to conventional therapy. The adage to treat the patient and not the laboratory value is most relevant when the laboratory value carries little therapeutic implication. Mindful use of culture information in persistent lung infections should be practiced, but overreliance on these data may have far-reaching impacts in the ecosystem of the lower airways. The future of clinical microbiology will likely be shaped by molecular methods to better describe what is present in the infections we are treating. 85 These tests may yield relative abundances of certain bacterial family members or may use a bacterial diversity score as a signifier of lung health. 57 Predicting more accurately as to which species, or cohorts, are expanding at the time of an exacerbation may help one to choose antibiotics for their treatment. 51 Earlier discovery of known pathogens by molecular techniques might prompt new investigation into better ways to suppress these organisms with antibiotics or other modifications. These more sensitive techniques may also help us understand the impact of human-to-human transmission of species not only considered pathogenic, but also beneficial. Repopulation of oral and colonic flora is a known protective measure to prevent opportunistic infection in chronically ill individuals. A better understanding of the biology of persistent lung infections may suggest a role for selective "recolonization" of the upper airways after antibiotic use, or other instances where the ecosystem is considered destabilized.
